In this paper, we present the effect of nuclear data and its uncertainties on the core design of the KALIMER-600 Sodium Fast Reactor. The void reactivity coefficient, k eff , and eff are calculated with uncertainties due to the nuclear data of the main components of the reactor:
I. Introduction
The trend in modern reactor physics is that any simulated reactor quantity needs to be accompanied with uncertainties. To obtain a central value is not enough anymore, and safety authorities and funding agencies are becoming more and more aware that a standard deviation must follow a best estimate (see, for instance, Refs. 1) and 2)). At NRG, we perform nuclear simulations with nuclear data uncertainties on a routine basis.
Recently, we have studied in detail the impact of the sodium nuclear data on the void reactivity coefficient for a simplified model of the Kalimer-600 Sodium Fast Reactor. 3) This study, part of a larger project, focused on a single isotope (sodium) for a single quantity (void reactivity coefficient). A new method of uncertainty propagation, so-called ''Total Monte Carlo'' or TMC, was applied for the first time on a large-scale system and was considered as a proof of principle 4) (previous demonstrations involved simple systems such as criticality-safety benchmarks 5) or fusion benchmarks 6) ). In this paper, the previously used Kalimer-600 Sodium Fast Reactor model and the TMC method are applied to assess the impact of nuclear data uncertainties on many reactor quantities, depletion, and radiotoxicity due to a large number of isotopes (actinides and structural and coolant materials such as Na, Fe, and Zr). The Kalimer-600 Sodium Fast Reactor model and the TMC method are first presented. In the second part of the paper, results are presented for the sodium void reactivity coefficient, k eff , eff , depletion, and radiotoxicity. Finally, a nonexhaustive list of the advantages and deficiencies of the present study is given, with some suggestions for future possible work.
II. Description of the Kalimer Model
The specifications for the model are based on the general information found in Refs. 7) and 8) completed with data provided by KAERI. 9) For the missing information not provided by KAERI, assumptions based on other references were made. Table 1 presents the general specifications of the KALIMER-600 model considered in this study.
Different from the original KALIMER-600, the model used here contains one single fuel zone; the original KALIMER contains three fuel zones with a single enrichment fuel but variable cladding thickness (the outer diameter of the fuel rods is fixed). The fuel zone composed of 333 assemblies is surrounded by reflector assemblies, which in our model has been assumed to be composed of 100% steel. The top and bottom axial reflectors have also been considered in this model. The bottom region contains a graphite moderator region, and the top region a layer of Na followed by a gas plenum. The full core model has been developed for the MCNP4C3 Monte Carlo code. 10) The core loading is such that at the end of each cycle (with a length of 365 EFPD) one-fourth of the core is replaced by fresh fuel. The remaining assemblies are kept at their places and are not shuffled until the end of their life in the core (after 4 cycles). Figure 1 shows 1/6 of the core, where the different colors represent the 4 different fuel batches and the control and shutdown rod clusters. The core is loaded using a ''semi-random'' strategy. Since the assemblies are not shuffled, the equilibrium situation consists of four consecutive
III. Uncertainty Propagation
As of today, two methods can be used at NRG to propagate uncertainties from nuclear data to quantities of largescale systems. The first one applied in this work is the perturbation method with MCNP, developed at NRG. 11) Both sensitivity profiles and covariance data need to be combined in order to obtain final uncertainties. The second method is the Total Monte Carlo, or TMC (see Refs. [3] [4] [5] ). This latest method relies on a large number of calculations with the same reactor physics input model, but with unique nuclear data in each of them. The term nuclear data includes not only cross sections, but also single and double differential distributions, gamma emission, and nubar (nubar is the average total number of neutrons released per fission event). In short, the complete nuclear data file is unique. The result is a probability distribution from which different moments can be extracted (i.e., average, standard deviation).
The same MCNP model (with MCNP version 4C3 10) ) for each of the calculations for the Kalimer model is used in both the TMC and perturbation methods. Likewise, the same version of the processing tools NJOY 12) (version 99.259) and SUSD 13) are used for the entire study. A comparison between both methods is presented in Ref. 14) .
The global flowchart of steps for each method is presented in Fig. 2 in the case of k eff calculations. The nuclear data and their covariances are obtained from the TENDL-2010 library.
15)

Perturbation Method
The perturbation approach relies in principle on a unique ''NJOY+MCNP+SUSD'' calculation. The inputs are the geometry MCNP input file (common to the TMC approach) and the ENDF file containing covariances, such as in ENDF/ B-VII.0 or TENDL libraries. The sensitivity profile S is defined as the relative change in a response parameter R due to a relative change in cross section in a particular energy group g:
In this case, the response parameter is a scalar quantity, which is a function of the incident neutron energy. The sensitivity profile S is obtained using the perturbation option of MCNP, which corresponds to the ''PERT''-card: (1) A cross section is selected for which the profile is to be generated. In the following, four cross sections will be considered: elastic, inelastic, fission, and capture cross sections. Only one specific isotope is varied each time. (2) A material card is created in which the atomic density for the relevant isotope is increased by 1%. (3) A ''PERT''-card is created specifying that the relevant material is replaced by the perturbed material in each of the cells in which the material is present. Perturbation cards are given for all energy groups. In this paper, the 33-energy group structure (from thermal energy to 20 MeV) is adopted.
(4) Finally, MCNP is run with these modifications in the input. In the MCNP output, a table is given with the results of the perturbations with statistical uncertainties and, in the case of criticality benchmarks, a k eff value with statistical uncertainty. The processing code NJOY is used in this work to produce nuclear data input files for the MCNP code. These files are usually referred to as ACE files. The sensitivity results and the processed covariances are combined together with the SUSD code. SUSD is a tool for sensitivity-uncertainty analysis. SUSD calculates standard deviations (and sensitivity coefficients) in the design parameters of interest due to input cross sections and their uncertainties. Sensitivity and covariance matrices are produced in a similar energy group. Sensitivities are calculated for cross sections only in the resonance region and fast neutron range. Thus, the effect of angular distribution, double differential data and, in the case of actinides, nubar and fission neutron spectrum, cannot be included in this approach.
Total Monte Carlo Method
The Total Monte Carlo method for nuclear data uncertainty propagation was presented in Ref. 4 ) and extensively applied to criticality-safety benchmarks, 5) the void reactivity Uncertainties for the Kalimer Sodium Fast Reactor: Void Reactivity Coefficient, k eff , eff , Depletion and Radiotoxicity coefficient of a Sodium Fast Reactor, 3) and fusion benchmarks. 6) We emphasize again that automation and a disciplined, quality-assured working method (with emphasis on reproducibility) is essential. The input files for this method are an MCNP geometry input file (same as the one used for the perturbation method) and n random ENDF files (consistent with the unique ENDF file plus covariances used for the perturbation method). Each random ENDF file is produced using the nuclear reaction code TALYS, 17) is fully reproducible, and consists of a unique set of nuclear data. Each random file is completely different from the next: nubar and energy released per fission (''MF1 MT456 and MT458'' in ENDF language), resonance parameters (''MF2''), cross sections (''MF3, all MTs''), angular distributions (''MF4 MT2''), fission neutron spectrum (''MF5 MT18''), and double differential data (''MF6 all MTs'') are varied. MCNP. At the end of the n calculations, n different k eff values with their statistical uncertainties are obtained. In the obtained probability distribution of k eff , the standard deviation total reflects two different effects:
The first one ( statistics ) is from the statistical uncertainty derived from the number of histories (neutrons) used in the MCNP calculations. It typically varies as 1= ffiffiffiffi N p ; N, being the number of considered histories, is known in advance and in principle can be minimized by investing enough computer time. The second origin ( nuclear data ) lies in the use of different random nuclear data files (ACE files) between calculations. It induces a spread in the distribution of the calculated reactor quantity, which can unequivocally be assigned to the spread of cross sections, angular distributions, and so on. This spread is not known and is to be derived from the present Monte Carlo approach. The quadratic sum of the two distinct spreads is equal to the total observed standard deviation. If the observed spread is of the order of the statistical uncertainty (first effect), only a maximum value can be attributed to the spread due to nuclear data.
As mentioned previously, the TMC method allows us to vary much more information than included in the covariance files used by the perturbation method, which considers only resonance parameters (''MF2'') and cross section (''MF3'') covariances. It seems therefore natural to always obtain a larger nuclear data uncertainty from the TMC method than from the perturbation method. In order to disentangle the contribution of each class of reactions (the so-called MF numbers), additional ENDF random files are produced together with the full random ENDF files. In these additional files, only their parts are varied. For instance, MF2 random files are created where only resonance parameters are varied and the rest of the file stays constant, MF3 (all MTs) random files are created where only cross sections are varied, MF4 MT2 random files are created where only angular distributions are varied, etc. In this manner, benchmarks can be calculated using these partially randomized files and the contribution of specific quantities can be obtained.
Limitations
Even if these two methods can be applied to the present study, some inherent drawbacks limit the current approach: . Strong correlation of calculated nuclear data covariances
As a result of the use of the TALYS system and theoretical models, energy-energy correlations for a given cross section are quite strong (without the mathematical inclusion of differential experimental data, energy-energy correlations are above 50%). It affects the results in the sense that, for instance, the capture cross section in the fast range will move up or down from one random evaluation to another, keeping a rigid shape. Even if correlations are not basic physical quantities as cross sections, reflecting only the method used to obtain cross sections, it is generally believed that differential experimental data should be mathematically included in the process, and therefore, correlations will be weaker. As a consequence, the shape of cross sections should become less rigid and the benchmark results could vary more. We are currently studying solutions to that problem, as for instance using the ''Unified Monte Carlo'' presented in Ref.
20). . Correlations between isotopes
The covariance files used in this work do not contain cross correlation between isotopes. This is a common issue in nuclear data evaluation, and it is not restricted to this work. Cross correlations between isotopes come from experimental measurements. When a reaction rate is measured, this is performed together with a standard reaction (often a fission chamber containing 238 U). The standard reaction is used to normalize the data of interest and to obtain a convenient unit (such as barns). This manipulation brings a strong correlation between the reaction for the isotope of interest and the standard reaction. Cross correlations between isotopes can also come from similar experimental methods used to obtain a nuclear quantity. This deficiency to disregard them in nuclear data evaluation is important when trying to combine uncertainties due to different isotopes to a single value. To avoid this difficulty, we present separate values for uncertainties on the void reactivity coefficient, k eff or eff . . Limits of PERT cards in MCNP Even if very useful and novel as an MCNP option, some recent tests using the perturbation card (PERT) have shown some differences between this option and more exact solutions. 21) In this reference, it is shown that ''except for the scattering cross section, the sensitivities for the fuel cross sections are within 4% of the direct values. However, the differences are well outside the reported standard deviations. Sensitivities for the reflector cross sections are within only 13-17% of the direct values, [. . .]. The differences are very far outside the reported standard deviations. Inaccurate MCNP k eff perturbation results for spatially localized perturbations have been seen before, both in sensitivity analysis 22) and in reactivity worth calculations 23) for material mass density perturbations, not reaction cross-section perturbations.'' The PERT option should then be used with caution and should be tested with other codes such as TSUNAMI. 24) In this work, the PERT card could not be compared with other codes, but comparisons with sensitivity profiles coming from the TMC method are planned. A second limitation of the PERT card is that only cross sections are considered and not other important nuclear data quantities such as -bar or the fission neutron spectra.
. No variations of eff with the PERT option
The perturbation option in MCNP allows us to obtain sensitivities to k eff only. In the calculation of the sodium void reactivity coefficient uncertainties with MCNP, eff is considered constant. Most of the above drawbacks are related to the perturbation method in MCNP, or find their origins in the nuclear data evaluation procedure, which implies limitations for all methods using nuclear data. The TMC method is nevertheless the most general one and contains the least amount of approximations. In the following, the propagation of nuclear data uncertainties on depletion (fuel inventory) and radiotoxocity cannot be done without the TMC method.
Uncertainties for the Kalimer Sodium Fast Reactor: Void Reactivity Coefficient, k eff , eff , Depletion and Radiotoxicity IV. Void Reactivity Coefficient, k eff and eff Based on the described methods of uncertainty propagation and the KALIMER model, three reactor quantities were calculated with uncertainty: the sodium void reactivity coefficient, the effective neutron multiplication factor k eff , and the effective delayed neutron fraction eff . A previous analysis of the required uncertainties 16) indicates that the target accuracy for a typical Sodium Fast Reactor is 3,200 pcm for k eff and 4% for the void reactivity coefficient.
Sensitivities
In the present work, sensitivity profiles can only be obtained by the perturbation method. Together with the current approach, we have developed a sensitivity method based on the Monte Carlo evaluations. With the full random files, partial random files are also being produced: only parts of the evaluation are changed (-bar, resonance parameters, or inelastic cross sections. . .) and the rest of the evaluation is kept unchanged and equal to the evaluation with unperturbed model parameters. By benchmarking these partial random files, sensitivities to -bar, cross sections, or fission neutron spectrum can be obtained. Although more exact than traditional sensitivity approaches based on perturbation theories, the principal drawback of this sensitivity method is (for the time being) the needed computational time. This method was successfully applied to the study of a few criticality benchmarks, 18) and we plan to scale up this kind of study for more benchmarks. As an example of sensitivity profiles obtained by the perturbation method, the k eff sensitivities to the main 239 Pu cross sections are presented in Fig. 5 and to other cross sections in Fig. 6 . As expected, the fission cross section of 239 Pu and the capture cross section of 238 U have the highest sensitivities ( 239 Pu and 238 U are the two main components of the fuel).
The main materials of the Kalimer model are considered in this study, but a few others might as well contribute to the total uncertainties (such as 241;242 Pu being more present in mass and with higher nuclear data uncertainties than 235 U or 238 U). An important quantity not included in the perturbation approach is the uncertainty on -bar. Even if well known for Pu and U isotopes, -bar has an important impact on k eff and, therefore, on the void reactivity coefficient. To assess the effect of this quantity, the TMC method needs to be applied.
Uncertainties
The perturbation method with MCNP can only be applied to the calculation of k eff . It cannot be used for eff , but can give a partial answer for the void reactivity coefficient. 
where the number of delayed neutron eff (in units of pcm) and the k eff values are obtained from the MCNP calculations, following the calculation method presented in Ref. 19) . k 1 corresponds to the core flooded with Na coolant, and k 2 to the same core voided of Na coolant. In both cases, the Na coolant present in the axial and radial reflectors is supposed to remain unchanged. If we suppose that eff does not vary with different random ENDF files (the beta values and delayed neutron spectra are not randomly changed) and that k 1 and k 2 are fully correlated, the uncertainty on the sodium void reactivity can be expressed as
with Ák 1 and Ák 2 the uncertainties on k 1 and k 2 . In the case of the TMC method, eff is also varying, which changes Eq. (4). From the composition described in Tables 3 and 4 . Figures 7 and 8 show examples of the probability distributions obtained by the TMC method for the void reactivity coefficient and eff . In the case of the void reactivity coefficient, the spread in the calculated values mainly comes from nuclear data, and the statistical uncertainty is rather small (in the order of 1 to 2%). In the case of eff , as this parameter is not very sensitive to the variation of nuclear data, about half of the spread presented in Fig. 8 is due to statistical uncertainty. As in the case of the sodium void reactivity coefficient presented in Ref.
3), a normal distribution is obtained for the eff and k eff . The combination of the two methods allows us to obtain unique results that other approaches cannot provide, such as uncertainties on eff , or the summed effect of all nuclear data from a single isotope (resonance data, -bar, angular distribution, energy spectra): the perturbation method allows us to quickly have an idea of which nuclear data matters, and the TMC method provides more precise results. For the void reactivity coefficient uncertainty as presented in Table 3 , this study suggests that the target accuracy of 4% (as presented in Ref. 16) ) cannot be met with the actual covariance information.
V. Depletion and Radiotoxicity
Similar to the previous study for the void reactivity coefficient, k eff and eff , random nuclear data files are used to calculate inventories at the end of the cycle and radiotoxicities up to 10 7 years after irradiation. Each set of random nuclear data files provides a different inventory and radiotoxicity. This is an application of the TMC method to depletion calculations. In the current approach, the random nuclear data files concern the transport part of the calculation and not the activation data used in the inventory code (depletion calculation). This is not a limitation of the TMC method, but rather of the current implementation of the OCTOPUS system (combining MCNP with a depletion code, see below), where the activation files used in the activation code FISPACT cannot easily be changed. It should be kept in mind that the distinction between transport and activation nuclear data is artificial and does not originate from a theoretical background. In principle, if one knows how to generate nuclear data libraries for transport and inventory codes, both transport and activation nuclear data should be changed at once.
There exists only a few methods allowing the assessment of uncertainties due to nuclear data on fuel inventory and the decay of spent fuel after irradiation. An important work is presented in Ref. 25 ) for an ADS system where the uncertainties due to nuclear data are presented for the inventory at the end of cycle and radiotoxicity curve. Contrary and complementary to the present work, the activation cross section uncertainties were considered and not the transport nuclear data uncertainties. Even if the initial composition of the fuel used in Ref. 25 ) is richer in minor actinides and that the correlation matrices for cross sections contain very strong correlations (both the fuel composition and the strong correlations tend to increase final uncertainties on depletion and radiotoxicity), the final uncertainties presented in Ref. 25) show that the activation cross sections are a major part of the uncertainty analysis for depletion and radiotoxicity.
Depletion Calculations
For the full core depletion simulations, the OCTOPUS modular system 26) has been applied, which permits the link of a 1/2/3-D steady-state neutronics code, such as MCNP or WIMS, to a point depletion code, as ORIGEN or FISPACT, which keeps track of the evolution of the nuclide mixture in the irradiated material, associated with neutron-induced nuclear reactions, such as capture and fission, and decay. The exchange of data between the codes is accomplished by means of the so-called binary interface files. The structure of this code system is flexible enough to allow the coupling of other types of code as well, like uncertainty analysis codes, or codes for the generation of nuclear databases required for full core reactor simulation. In this particular study, MCNP4C3 has been used (as spectrum code) in combination with FISPACT 27) (as the depletion code). For each depletion step, the flux distribution is calculated using MCNP, and in a separate OCTOPUS module, the cross sections for each active isotope (taken from the MCNP point cross section library) are collapsed to few-group cross sections using the spectrum in each depletion zone. For each depletion zone (one separate zone for each of the fuel rods), a separate FISPACT run computes the new isotopic composition using these few-group cross sections.
In the model, 1/6 of the core was considered with reflective boundaries except for the outer radial boundary and the top and bottom surfaces, which are considered as free boundaries (as shown in Fig. 1) . Each of the 63 assemblies contained in the 60 angular section is modeled separately and is represented by 6 depletion zones (6 axial nodes). Within each of the six nodes, the 271 fuel rods are modeled separately, however, with a common nuclide inventory. Therefore, a total of 378 depletion zones are considered. The flux to be used by FISPACT is calculated before each depletion step from the total power per assembly, isotopic composition of each depletion zone, flux distribution, and energy released per fission and capture for each nuclide. The same normalization factor is also applied to scale the flux and reaction rate tallies produced by MCNP.
As mentioned before, a large number of similar calculations are performed, randomly changing each time the transport nuclear data files. An example of calculated inventories for a few actinides as a function of irradiation time is presented in Fig. 9 . The time for one depletion calculation, and thus, for each random set of nuclear data, is rather long (about 5 days on a single 3 GHz CPU), and a total of 250 depletion calculations were performed. This number is sensibly smaller than in the previous sections, but considering the amount of computational power at our disposal, it gives a reasonably precise estimate of the uncertainties. From previous studies using the TMC method (see Ref.
3) or 6)), we can estimate that the uncertainties are known to be about 10% after 250 samples (from standard statistical theory, where, for a normally distributed variable, the error in estimating the variance is 1= ffiffiffiffi N p ). Table 5 presents the inventory and uncertainties at the end of cycle for important actinides. These uncertainties were obtained by varying the nuclear data for all the actinides presented in Table 5 at once, except for 242m Am, where no random nuclear data were available. It can be noted that the impact of transport nuclear data is not the same on all actinides. Globally, the nuclear data uncertainties are larger for small quantities of specific actinides.
Two uncertainties are given for each isotope, defining a lower and a higher value. These two values originate from the assumption regarding the correlations between nuclear data. Experimentally, the vast majority of measurements on actinide cross sections is performed relative to a standard, for instance, through a fission chamber for the flux measurements or a normalization factor at a specific energy. In general, depending on the energy range, the standard cross section is the fission cross section of 235;238 U, or the capture cross section on 197 Au. These experimental normalizations need to be reflected in nuclear data evaluation, because if a standard cross section is later modified, the correlated nuclear data measured relative to the standard have to be changed. This is also the case for the nuclear data covariances, both for covariance files and TMC. If an experimental correlation exists between 235 U(n,f) and 241 Am(n,f), both cross sections cannot be varied independently. In the case of covariance files, this information is in general not included and it has no effect as long as data users are not using both covariances in the same study. In the case of TMC, a similar problem exists as soon as nuclear data for the standard is varied together with other data. To calculate the total uncertainty for the inventory of a given isotope, the following equations can be used. If Q A is the quantity for the isotope A calculated at the end of cycle, then Q A is a function of all the variables used:
The resulting uncertainty on Q A is then
where corrðx i ; x j Þ is the correlation term between the two nuclei x i and x j (for instance, between 238 U and 241 Am). In the current use of TMC for depletion and radiotoxicity calculations, the correlation terms are not known (a similar unknown is in general observed with perturbation methods) and the following assumptions can be made: . Full correlation is assumed, meaning corrðx i ; x j Þ ¼ 1. Even if not realistic, this eventuality gives a higher value for the uncertainty on Q A . Equation (6) can be simplified to
. No correlation is assumed, meaning corrðx i ; x j Þ ¼ 0.
Again not realistic, this eventuality gives a lower value for the uncertainty on Q A . Equation (6) can be simplified to Uncertainties for the Kalimer Sodium Fast Reactor: Void Reactivity Coefficient, k eff , eff , Depletion and Radiotoxicity
If negative correlations would be considered, an even lower value can be obtained, but negative correlations are restricted to very specific cases and we prefer not to assume a full negative correlation to obtain a lower value for the uncertainty on Q A . These two limits are presented in Table 5 for the inventory at the end of cycle and for the radiotoxicity (see next section), with more details in Table 6 .
For major actinides, the uncertainties on the inventory are not important (less than 1%) and might be overcome by the uncertainties due to activation nuclear data. In the case of minor actinides, the impact of transport nuclear data is larger, depending on the quantity present in the irradiated fuel. But generally, the impact of transport nuclear data on the inventory of spent fuel is rather limited. In the case of 242m Am and 243 Am, the obtained uncertainties are rather small, due to the fact that the cross sections of 242m Am are kept unchanged.
Radiotoxicity
The radiotoxicity of the discharged fuel is calculated in a separate run of FISPACT. As input, the total inventory summed over all the discharged assemblies is provided. The inventory is extracted from the binary interface file correspondent to the last OCTOPUS depletion step. One of the four consecutive core configurations has been selected to study the radiotoxicity. We do not expect significant differences in radiotoxicity between the different core configurations, considering the used semi-random loading strategy. The values provided in this section are for the radiotoxicity of ingestion, calculated using dose coefficients from reports published by ICRP 28) and NRPB. 29) Following a similar approach, the radiotoxicity curves based on the random calculated spent fuel inventories were calculated. An example of a radiotoxicity curve with the major component is presented in Fig. 10 up to 10 7 years after irradiation. The evolution of 250 actinides and fission products was followed with FISPACT and their total contribution is presented in Table 7 , with details for some isotopes in Tables 8 and 9 . In the present study, Table 7 shows that the nuclear data used in the transport calculation with MCNP have only a limited impact on the dose calculation (the maximum uncertainty being achieved in a short time after irradiation). Compared with the results presented in Ref. 25) where the uncertainties on the nuclear data used in the inventory code are considered, uncertainties due to transport nuclear data are at least ' 6 times smaller than the uncertainties due to activation cross sections, depending on the depletion level.
3. Future Work and Improvements for Depletion Calculations As detailed in the previous sections on the inventory and radiotoxicity, uncertainties due to a part of the nuclear data were obtained. The contribution of the transport nuclear data is nevertheless small and could be neglected in the future if other important uncertainties arise. The current study presents the advantage to assess these uncertainties. The following points can be considered to improve the calculations and to understand the advantages of the TMC method. . The contribution of the transport and activation nuclear data needs to be addressed at once. Different possibilities can be foreseen, such as modifying OCTOPUS to vary together the nuclear data for MCNP and for FISPACT.
Another solution would be to use a simulation code where the distinction between transport and activation nuclear data libraries is not artificially made, such as the integrated transport and depletion Monte Carlo code SERPENT.
30)
. As presented above, the correlation between isotopes is important if standard reactions are included in the study. This issue cannot be ignored in any use of nuclear data and nuclear data uncertainties related to a large number of nuclei. The existing nuclear data libraries (well recognized such as ENDF/B-VII.0 31) or under development such as the TENDL series 32, 33) ) do not include (or very barely) the cross correlation between isotopes. In the case of the TMC method, as no covariance files are used, it seems at first difficult to include the cross correlation Table 7 Uncertainty due to all considered isotopes (250) for the radiotoxicity dose. Details for different isotope contributions can be found in Tables 8 and 9 . Table 8 Uncertainty due to isotopes presented in Table 7 for the radiotoxicity dose (lower limit, with no correlation for the nuclear data) 
Uncertainties for the Kalimer Sodium Fast Reactor: Void Reactivity Coefficient, k eff , eff , Depletion and Radiotoxicity between isotopes. There is one inherent cross correlation due to the use of the TALYS code, which introduces a theoretical cross correlation for all nuclei, but this cross correlation does not correspond to the experimental usage of standard cross sections. A possible solution would be to create a cross correlation between a standard (such as 238 U) and another nucleus (such as 241 Am) by using the same sequence of random numbers for the generation of random nuclear parameters for the TALYS inputs. This artificial cross correlation through random numbers would simulate the experimental cross correlation: if the same random numbers are used to obtain for instance the height of a fission barrier, a similar behavior will be obtained for both fission cross sections, implying strong cross correlations. . The other important source of nuclear data uncertainties in calculations with inventory codes is the decay data.
Generally not considered, decay data might have a large impact, for instance, by varying the half-life or decay probability of some nuclei. Up to now, there are no covariance files for decay data, except that the decay data library includes uncertainties on some quantities, such as half-life and normalization of spectra. Bypassing the use of covariance files, the TMC method can be used to produce random decay data libraries, fission yields, and to perform random depletion calculations. It should be emphasized again that one of the large advantages of the TMC method compared with other methods is that all types of transport nuclear data are considered: not only cross sections, but also angular distribution, neutron emission, energy of the emitted particles, and so on. If the TMC method is applied with activation or decay nuclear data, a similar statement can be made about all types of decay quantities.
VI. Conclusions
In this study, the impact of nuclear data used in the transport calculation has been evaluated for different parameters of the KALIMER Sodium Fast Reactor with the Total Monte Carlo and perturbation methods. Transport simulations were carried out with the MCNP code and inventory calculations were performed with FISPACT. Uncertainties due to the transport nuclear data were propagated to k eff , eff , the sodium void reactivity coefficient, and the fuel inventory at the end of cycle with radiotoxicity curves up to 10 7 years. The impact on k eff , eff , and the sodium void reactivity coefficient is not negligible, and the current knowledge on nuclear data seems to be inadequate to meet the target accuracy for such reactors (for the void reactivity coefficient, a target accuracy of 4% is required, and sodium nuclear data only contributes to 6%). Concerning the fuel inventory and radiotoxicity, the impact of transport nuclear data is rather limited. In this case, other sources of uncertainties might be more meaningful, such as activation cross sections and decay data (for depletion calculation). As future work, we plan to study the effect of activation, decay data, and fission yield covariances on a similar reactor type. The Total Monte Carlo will probably be the most flexible for this purpose. Table 9 Uncertainty due to isotopes presented in Table 7 for the radiotoxicity dose (lower limit, with no correlation for the nuclear data) 
